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Relativistic heavy ion collisions provide the possibility to study the topological charge in QCD
matter through the event-by-event fluctuating net axial charge or nonequal numbers of left- and
right-handed quarks they generate in the produced quark-gluon plasma. Based on the chiral kinetic
approach for nearly massless quarks and antiquarks in the strong vorticity field produced along the
normal direction of the reaction plane of non-central heavy ion collisions, we show that a unique
signal for the topological charge in QCD matter can be identified from the asymmetric distribution
of particles with momenta pointing in the upper and lower hemispheres of the reaction plane as a
result of the fluctuating net axial charge.
I. INTRODUCTION
The topological charge in QCD matter [1–4] can be
studied in relativistic heavy ion collisions through the
effect of the event-by-event fluctuating net axial charge
or non-equal numbers of left- and right-handed quarks
they generate in the produced quark-gluon plasma [5]. In
the presence of the magnetic field created in non-central
heavy ion collisions, the finite net axial charge can lead
to a separation of positively and negatively charged par-
ticles in the transverse plane of a collision as a result
of the vector charge current it generates along the di-
rection of the magnetic field [5]. This so-called chiral
magnetic effect (CME) [5–7], which has been observed
in condensed matter systems such as the Weyl semimet-
als in external magnetic fields [8] and studied in other
areas of physics [9], has been suggested as a possible ex-
planation for the observed charge separation in experi-
ments [10–13]. Realistic studies of this effect based on
anomalous hydrodynamics [14–17] and chiral kinetic ap-
proach [18, 19] require a magnetic field of lifetime of at
least τB = 0.6 fm/c to account for the experimental data.
Such a long-lived magnetic field does not seem to be sup-
ported by the small electric conductivity of QGP from
lattice QCD calculations [20, 21].
On the other hand, the vorticity field produced in non-
central heavy ion collisions also affects quarks and anti-
quarks of right-handness differently from those of left-
handness, although independent of their charges, and it
decays slowly with time [22]. Similar to the separation
of charges due to the CME, the vorticity field can lead
to a separation of baryons and antibaryons with respect
to the reaction plane of a heavy ion collision [23, 24].
This chiral vortical effect (CVE) depends, however, also
on the net baryon in the produced QGP, which is un-
fortunately very small in relativistic heavy ion collisions
and thus makes the signal of CVE hard to detect. Since
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the vorticity field not only leads to a partial alignment
of the spins of both positively and negatively charged
quarks and antiquarks along its direction, as evidenced
by the observed spin polarization of Λ hyperons in these
collisions [25], but also tends to make quarks and anti-
quarks of opposite handedness to move in opposite direc-
tions. With different numbers of right- and left-handed
quarks and antiquarks in the quark matter, there will
appear a difference between the numbers of quarks and
antiquarks that move along and opposite to the direction
of the vorticity field, resulting in a multiplicity up-down
asymmetry with respect to the reaction plane of a heavy
ion collision.
In the present paper, this effect is studied quantita-
tively in the chiral transport approach with initial quark
and antiquark distributions taken from a multiphase
transport model [26], which includes the essential colli-
sion dynamics of relativistic heavy ion collisions through
its fluctuating initial conditions and strong partonic scat-
terings. Our results show that the multiplicity up-down
asymmetry induced by the strong vorticity field created
in the direction normal to the reaction plane of a heavy
ion collision depends sensitively on the net axial charge
fluctuation in the produced quark matter, providing thus
a more promising probe to the topological charge in QCD
matter than the CME and CVE.
This paper is organized as follows. In Sec. II, we briefly
review the equations of motion of nearly massless quarks
and anitquarks and their scatterings in the chiral kinetic
approach. The initial conditions and the magnetic and
vorticity fields that are needed for carrying out the chi-
ral kinetic calculations are described in Sec. III. Results
on the multiplicity up-down asymmetry and its event-by-
event distribution in Au + Au collisions at
√
sNN = 62.4
GeV and centrality of 30-40% are given in Sec. IV to
illustrate the effect of the vorticity field on the luctu-
ating net axial charge in the produced partonic matter
as a result of its nonzero topological charge. Finally, a
summary is given in Sec. V.
2II. THE CHIRAL KINETIC APPROACH
In the chiral transport approach to massless quarks
and antiquarks in both magneticB and vorticity ω fields,
their equations of motion are given by [27–30]
r˙ =
pˆ+Qλ(pˆ · b)B+ 2λp(pˆ · b)ω
1 +Qλb ·B+ 6λp(b · ω) , (1)
p˙ =
Qpˆ×B
1 +Qλb ·B+ 6λp(b · ω), (2)
where Q and λ = ±1 are the charge and helicity of a
quark or antiquark (parton), and b = p
2p3
is the Berry
curvature that results from the adiabatic approximation
of taking the spin of a massless parton to be always par-
allel or anti-parallel to its momentum. Corrections to
above equations due to the small light u and d quark
maasses (mu = 3 MeV and md = 6 MeV) [31] can be
included by replacing pˆ, p and b with p
Ep
, Ep and
pˆ
2E2p
,
respectively, as in Ref. [32].
The factor
√
G = 1 +Qλb ·B+ 6λp(b · ω) in the de-
nominator of Eqs.(1) and (2) modifies the phase-space
distribution of partons and ensures the conservation of
vector charge. The modified parton equilibrium distri-
bution can be achieved from parton scatterings by re-
quiring the parton momenta p3 and p4 after a two-body
scattering, which is determined by their total scattering
cross section, with the probability
√
G(p3)
√
G(p4) [30].
For the parton scattering cross section σtot, we choose it
to reproduce the small shear viscosity to entropy density
ratio η/s in QGP extracted from experimentally mea-
sured anisotropic flows in relativistic heavy ion collisions
based on the viscous hydrodynamics [33, 34] and trans-
port models [35, 36]. This empirically determined value
is close to the conjectured lower bound for a strongly
coupled system in conformal field theory [37] and the
values from lattice QCD calculations [38]. For a par-
tonic matter dominated by light quarks as considered
here, we can relate η/s to the total cross section σtot by
η/s = 1
15
〈p〉τ = 〈p〉
10nσtot
[39] if the cross section is taken
to be isotropic, where τ is the relaxation time of the par-
tonic matter, n is the parton number density, and 〈p〉 is
the average momentum of partons. Taking η/s = 1.5/4π
as determined in Ref. [40] from anisotropic flows in rela-
tivistic heavy ion collisions using viscous hydrodynamics,
we then calculate the parton scattering cross section as
a function of parton density and temperature or energy
density.
III. INITIAL CONDITIONS AND THE
MAGNETIC AND VORTICITY FIELDS
For the initial phase-space distribution of partons, we
take it from the string melting version of the AMPT
model [26] with the values a = 0.5 and b = 0.9 GeV2
in the Lund string fragmentation function to give a bet-
ter description of the charged particle multiplicity den-
sity, momentum spectrum, and two- and three-particle
correlations [41, 42] in heavy ion collisions at RHIC.
For the event-by-event fluctuating net axial charges in
heavy ion collisions due to the topological charge fluc-
tuation in QCD [1–4], we let each event to have either
more right-handed quarks and antiquark or left-handed
quarks and antiquarks with the probability (1 + p)/2,
where p =
√〈N25 〉/N with √〈N25 〉 being the initial axial
charge fluctuation and N is the total number of partons
in an event.
For the magnetic field, we obtain it from the Lienard-
Wiechert potential produced by the spectator protons in
the colliding nuclei. As shown in Refs. [43, 44], the re-
sulting magnetic field in the overlap region of the two
nuclei is in the direction perpendicular to the reaction
plane and has a very large strength but a very short life-
time. Since the partonic effect on the magnetic field is
small [45], due to the small electric conductivity in QGP
from lattice QCD calculations [20, 21], we neglect it in
the present study and also assume that the magnetic field
is uniform in space. As to the vorticity field, it is calcu-
lated from the velocity field v(r, t) of partons, which is
determined from the average velocity of partons in a lo-
cal cell of the partonic matter via ω = 1
2
∇ × u with
u = γv and γ = 1√
1−v2 as described in Ref. [30]. We
note that contrary to the short lifetime of the magnetic
field, the vorticity field produced in non-central heavy
ion collisions decays slowly with time [22].
The partonic matter from the AMPT model after
including event-by-event fluctuations in the net axial
charge is then evolved according to the chiral kinetic
equations of motion and parton scatterings described in
the above until its energy density decreases to ǫ0 = 0.56
GeV/fm3, similar to the critical energy density from
LQCD for the partonic to hadronic transition [46] and
also that corresponding to the switching temperature
TSW = 165 MeV from the partonic to the hadronic phase
used in viscous hydrodynamics [47].
IV. RESULTS
To illustrate the effect of vorticity field, we consider
Au+Au collisions at
√
sNN = 62.4 GeV and centrality
of 30-40% for the two cases of without (p = 0) and with
(p = 0.4) initial axial charge fluctuation in the partonic
matter. For the latter, only events of more right- than
left-handed partons are considered.
In the presence of both magnetic and vorticity fields
and with a net axial charge density in a partonic matter,
the distributions of the azimuthal angles (φ) of positively
and negatively charged partons can be expressed by
dN±
dφ
∝ 1 + 2v2 cos(2φ− 2ΨRP)
+ 2(aCVE ± aCME) sin(φ−ΨRP), (3)
3where ΨRP is the azimuthal angle of the reaction plane in
a collision, v2 is the elliptic flow, and aCVE and aCME are
the multiplicity up-down asymmetry of charged partons
induced by the vorticity and magnetic fields, respectively.
Both aCVE and aCME can be positive or negative depend-
ing on the sign of the net axial charge in the partonic
matter. Because of the opposite effects of magnetic field
on the multiplicity up-down asymmetry of positively and
negatively charged partons, we can study the effect of
vorticity field by considering the azimuthal angle distri-
bution of both positively and negatively charged quarks
and antiquarks to remove the contribution of aCME in
Eq.(3).
A. The multiplicity up-down asymmetry
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FIG. 1: (Color online) Time evolution of the multiplicity up-
down asymmetry amo1 of mid-pseudorapidity (|η| ≤ 1) light
quarks in momentum space in Au+Au collisions at
√
sNN =
62.4 GeV and centrality of 30-40% for the two cases of without
(p = 0) and with (p = 0.4) initial net axial charge fluctuation.
Figure 1 shows the time evolution of the multiplic-
ity up-down asymmetry amo1 = 〈sinφ〉 = aCVE of mid-
pseudorapidity (|η| ≤1) light quarks and antiquarks in
momentum space, where the average is over all events.
The black line is the result for the case of p = 0, i.e., zero
net axial charge fluctuation
√〈N25 〉/N = 0. In this case,
momenta of light quarks in mid-pseudorapidity have no
preferential directions in the transverse plane of a colli-
sion. For the case of p = 0.4, shown by the red line, the
finite net axial charge fluctuation leads to an increase of
the multiplicity up-down asymmetry amo1 with time.
Results for the transverse momentum dependence of
the multiplicity up-down asymmetry amo1 of light quarks
in momentum space are shown in Fig. 2, again from
events with more right- than left-handed quarks. It is
seen that the amo1 for the case of p = 0 is consistent with
zero for all transverse momenta. With non-zero net axial
charge fluctuation of p = 0.4, amo1 becomes non-zero and
decreases with transverse momentum. The latter is due
to the decrease of the Berry curvature b = p
2p3
in Eqs.(1)
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FIG. 2: (Color online) Same as Fig. 1 for the transverse mo-
mentum dependence of the multiplicity up-down asymmetry
amo1 of light quarks.
and (2) with increasing parton transverse momentum.
B. Multiplicity up-down asymmetry event
distribution
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FIG. 3: (Color online) Ratio of multiplicity up-down asymme-
try event distributions for events with [Nwith(A)] and without
[Nwithout(A)] net axial charge fluctuation for different par-
ticle transverse momentum ranges in Au+Au collisions at√
sNN = 62.4 GeV and centrality 30-40%. Red solid circles
are obtained assuming a normal distribution for the multi-
plicity up-down asymmetry A.
Although the multiplicity up-down asymmetry amo1 is
nonzero and positive for events with more right- than
left-handed quarks and antiquarks obtained from a fi-
nite initial axial charge fluctuation p, it is negative with
same magnitude if events with more left- than right-
handed quarks and antiquarks are obtained with the
same value of p. As a result, its average value over all
events 〈amo1 〉 is zero as the average of net axial charge
4N5 is zero. On the other hand, the event-by-event dis-
tribution N(A) of the normalized multiplicity up-down
asymmetry A = NU−ND
NU+ND
, where NU and ND are the
numbers of partons with momenta pointing in the upper
and lower hemispheres of the reaction plane, respectively,
is wider as 〈a2CVE〉 becomes larger. We therefore intro-
duce the multiplicity up-down asymmetry event distribu-
tion N(A) and consider the ratio Nwith(A)/Nwithout(A)
of those with [Nwith(A)] and without [Nwithout(A)] a net
axial charge fluctuation. In upper panels of Fig. 3, we
show by the blue band this ratio for mid-pseudorapidity
light quarks of transverse momenta in the range of 0.05 <
pT < 2 GeV/c. The upper left panel is for the case using
initial reaction plane of a collision, and it shows a dis-
tinct concave shape. Using the event plane determined
by the azimuthal angles of emitted particles leads to the
same conclusion as shown by the blue band in the upper
right panel of Fig. 3. For particles in the smaller trans-
verse momentum range of 0.15 < pT < 2 GeV/c, their
multiplicity up-down asymmetry event distribution ratio
Nwith(A)/Nwithout(A), shown in lower panels of Fig. 3,
also has a concave shape whether the initial reaction
plane or the event plane is used, although its curvature
is smaller than the for partons in the larger transverse
momentum range.
The above results can be understood as follows. Ac-
cording to the particle azimuthal angle distribution given
in Eq. (3), a particle has the probabilities 1+a
2
and 1−a
2
to have a positive and negative value for sin(φ − ΨRP),
repectively, where a = 4aCVE/π. The event-by-event dis-
tribution of the up-down asymmetry A then has zero av-
erage value and a fluctuation given by
〈(∆A)2〉 = 1
N
+
N − 1
N
a2, (4)
whereN = NU+ND. Taking into account the fluctuation
of particle numberN in each event for a given momentum
range, the fluctuation of A is thus
〈〈(∆A)2〉〉 =
〈
1
N
〉
+
(
1−
〈
1
N
〉)
a2. (5)
If the number of particles N is sufficient large and the
particles in each event have no correlations, the final dis-
tribution of A then has the normal Gaussian distribution
N (0, 〈〈(∆A)2〉〉) according to the central limit theorem.
From the value 〈1/N〉 = 2.133 × 10−3 and 〈aCVE〉 =
±9.82× 10−3 for mid-pseudorapidity light quarks in the
transverse momentum range of 0.05 < pT < 2 GeV/c for
the collisions considered in present study, where the plus
and minus signs are for events with more right-handed
particles and more left-handed quarks, respectively, and
the average is taken over particles in corresponding
events, the resulting ratio Nwith(A)/Nwithout(A) is shown
by red solid circles in upper left panel of Fig. 3. They are
seen to be similar to those calculated with p = 0.4 and
p = 0 for mid-pseudorapidity light quarks in the same
transverse momentum range within the uncertainty of us-
ing the normal distribution for the multiplicity up-down
asymmetry A. This similarity is also seen in the case of
using the event plane from final particles, as shown in the
upper right panel of Fig. 3, as well as for particles with
momenta in the range of 0.15 < pT < 2 GeV/c, where
〈1/N〉 = 2.914 × 10−3 and 〈aCVE〉 = ±8.29 × 10−3, as
shown in lower panels of Fig. 3.
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FIG. 4: (Color online) Ratio of multiplicity up-down asym-
metry event distribution to Nreal(A) to that with ran-
dom up-down momentum distributions Nrand(A) for mid-
pseudorapidity light quarks in different transverse momentum
ranges in Au+Au collisions at
√
sNN = 62.4 GeV and cen-
trality of 30-40%.
To help identify this effect in experiments, we follow
the consideration of Ref. [48] on charge separation due
to the CME by introducing the ratio Nreal(A)/Nrand(A),
where Nreal(A) is the real distribution of A and Nrand(A)
is the distribution of A with the momentum of each par-
ton in an event having the same probability to be in
the upper and lower hemispheres of the reaction plane.
In upper panels of Fig. 4, we show this ratio for mid-
pseudorapidity light quarks of transverse momenta in the
range of 0.05 < pT < 2 GeV/c. The upper left panel is
for the case using initial reaction plane of a collision, and
it shows a more distinct concave shape for this ratio for
the case with a nonzero axial charge fluctuation than the
case with zero axial charge fluctuation except the statisti-
cal fluctuation. Using the event plane determined by the
azimuthal angles of emitted particles leads to the same
conclusion as shown in the upper right panel of Fig. 4.
For particles in the smaller transverse momentum range
of 0.15 < pT < 2 GeV/c, their Nreal(A)/Nrand(A) ratio,
shown in lower panels of Fig. 4, for the case without net
axial charge fluctuation shows a convex shape whether
the initial reaction plane or final event plane is used. In-
cluding a nonzero axial charge fluctuation in the partonic
matter, this ratio changes to the concave shape. We note
that the convex shape for the Nreal(A)/Nrand(A) ratio in
the case without net axial charge fluctuation is due to
the fact that partons in the string melting version of the
AMPT model are from decays of hadrons produced in
the HIJING model [49], which is used as its initial con-
ditions, and are thus partially correlated in momentum
5space even after undergoing multiple scatterings. With-
out any momentum correlations, the Nreal(A)/Nrand(A)
ratio should have a constant value of one.
V. SUMMARY
To summarize, we have proposed to study the effect
of the vorticity field in non-central relativistic heavy ion
collisions on the particle multiplicity up-down asymme-
try relative to the reaction plane in order to probe the net
axial charge fluctuation in the produced partonic matter,
which is related to the topological charge in QCD. Solv-
ing the chiral transport equation in the presence of a self-
consistent voriticity field and including the vector charge
conserved scatterings among quarks and antiquarks from
the AMPT model, we have found that the multiplicity
up-down asymmetry, which is quantified by the multiplic-
ity up-down asymmetry event distribution N(A), which
is related to the distribution of the difference between the
numbers of quarks and antiquarks with momenta point-
ing in the upper and lower hemispheres of the reaction
plane, is sensitive to the net axial charge fluctuation in
the partonic matter. In particular, the ratio between the
multiplicity up-down asymmetry event distributions for
the cases with finite and zero net axial charge fluctuation
is directly related to the inverse of the multiplicity of par-
tons and the net axial charge fluctuation, besides depend-
ing on the strength of the vorticity field. Because of its
local structure [50, 51], the vorticity field has been shown
to result in a local spin polarization of Λ hyperon in the
direction of total orbital angular momentum that can be
as large as 10% [51] and also depends less on the collision
energy. This is in contrast to the global spin polarization,
which has a magnitude of about 3% at
√
sNN =7.7 GeV
and decreases with the collision energy. Since the multi-
plicity up-down asymmetry distribution depends on the
square of the strength of vorticity field, its sensitivity to
the net axial charge can be significantly enhanced if, for
example, particles with momentum components in the
event plane satisfying pxpz > 0 or pxpz < 0 are used in
the analysis. Measuring the multiplicity up-down asym-
metry event distribution in non-central relativistic heavy
ion collisions thus provides a promising method to probe
the net axial charge fluctuation in partonic matter and
thus the topological charge in QCD matter.
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